Epidemiological and animal studies suggest that the alteration of hormonal and metabolic environment during fetal and neonatal development can contribute to development of metabolic syndrome in adulthood. In this paper, we investigated the impact of maternal highfat (HF) diet on hypothalamic leptin sensitivity and body weight gain of offspring. Adult Wistar female rats received a HF or a control normal-fat (C) diet for 6 weeks before gestation until the end of the suckling period. After weaning, pups received either C or HF diet during 6 weeks. Body weight gain, metabolic and endocrine parameters were measured in the 8 groups of rats formed according to post-weaning diet, maternal diet and gender. To evaluate hypothalamic leptin sensitivity in each group, STAT-3 phosphorylation was measured in response to leptin or saline intraperitoneal bolus. Pups exhibited similar body weights at birth but at weaning, those born to HF dams weighed significantly less (-12%) than those born to C dams. When given the HF diet, males and females born to HF dams exhibited smaller body weight and feed efficiency than those born to C dams, suggesting increased energy expenditure programmed by the maternal HF diet. Thus, maternal HF feeding could be protective against adverse effects of the HF diet as observed in male offspring of control dams: overweight (+17%) with hyperleptinemia and hyperinsulinemia. Furthermore, offspring of HF dams fed either C or HF diet exhibited an alteration in hypothalamic leptin-dependent STAT-3 phosphorylation. We conclude that maternal high-fat diet programs a hypothalamic leptin resistance in offspring which, however, fails to increase the body weight gain until adulthood.
Introduction
Obesity and related metabolic disorders are considered as a major health issue worldwide and epidemiological data indicate that the prevalence to these diseases is dependent upon genetic, dietary and lifestyle factors (2, 20, 29) . Increasing evidence suggests that the risk of developing a metabolic syndrome may be influenced very early in the development, especially through inappropriate fetal and/or neonatal nutrition (8, 28, 33, 43) .
The process by which factors acting during early life and having a long-term effect in adults is called programming, and is now considered as a potential mechanism that contributes to the development of obesity (11, 19) . To understand the mechanisms underlying this developmental programming, various animal models were used, in which hormonal and metabolic pre-or post-natal environment has been altered through changes in maternal nutritional status (1) . The most documented one is the rodent model of drastic maternal undernutrition which was extensively used to examine the susceptibility of the offspring to develop obesity, hypertension and diabetes in adulthood (7, 44) . While fetal under-nutrition leads to programming of metabolism and an adult phenotype that is adapted to poor nutrition, the exposition to abundant dietary conditions later in life will then initiate the development of obesity (40, 45) . This model fits with the "thrifty phenotype" hypothesis to explain the predisposition of low weight newborns to become overweighed in the adult life (17) . Such an effect has been initially observed in adult men conceived during the Dutch famine in 1944-45, whose mothers were undernourished during pregnancy (35) . Furthermore, clinical observations suggest that both maternal obesity and gestational diabetes may also predispose the fetus to develop a metabolic syndrome later in life (14, 31, 34) . Similarly in rodents, maternal high-fat diet during pregnancy and lactation results in a phenotype of the offspring close to the human metabolic syndrome (1, 15, 16, 42) .
In rodents, the fetal programming has been partly explained by recent studies showing that leptin (10) , an adipose-tissue secreted anorexic cytokine, acts as a neurotrophic factor during brain development, besides its key role in the regulation of food intake (6, 37) . Leptin regulates energy homeostasis and food intake through its action in specific hypothalamic nuclei (9) . In the arcuate nucleus, leptin binds to its long isoform receptor (ObRb) which is phosphorylated through the activation of JAK-2, leading to the association and the phosphorylation of the transcription factor STAT-3. Phosphorylated STAT-3 is then translocated to the nucleus where it regulates the expression of several neuropeptides involved in the control of food intake such as POMC (anorexigenic peptide) and NPY (orexigenic Page 3 of 24 peptide) (5, 22) . Thus, leptin activates the expression of POMC and inhibits that of NPY (36, 39) . Interesti ngly, recent studies clearly indicate that a lack of leptin during early life in mouse compromises the neuronal organization of hypothalamic nuclei involved in food intake control (6) , affecting then the sensitivity to this hormone in the adulthood. This may explain, at least partially, the development of obesity in adult rodents born to hypoleptinemic dams due to feed-restriction during gestation period.
Taken together, these data indicate that under-or over-nutrition during pregnancy alters fetal hormonal and metabolic environment, leading to the development of metabolic disorders associated to leptin resistance in offspring (15, 38) . The maternal under-nutrition model has been extensively used in rodents to obtain programmed offspring prone to dietinduced obesity. In the present paper, we used a nutritional model that is closer to the human modern lifestyle characterized by high fat and energy diet to investigate its potential impact on the metabolic imprinting of offspring. This was achieved by subjecting adult female rats to a high-fat (HF) or a control normal-fat (C) diet prior to mating and during pregnancy and lactation. The offspring of each group were then fed HF or C diet until adulthood. The body weight gain, energy intake as well as plasma lipid and hormonal parameters were measured in all offspring groups. The hypothalamic leptin sensitivity was also assessed in each group, by measuring leptin-dependent STAT-3 phosphorylation. We show that adult male offspring born to control dams and fed HF diet exhibited an increased body weight, with hypothalamic leptin-resistance, but not female offspring. Conversely, offspring born to HF dams and fed C or HF diet exhibited hypothalamic leptin-resistance, without significant increase in body weight.
Materials and methods

Diets
Commercial pellets (formula 113, from Safe, F-89290 Augy) and two semi-purified diets, custom-made in our laboratory, were used. The composition of the high-fat (HF) diet was adapted from Guo and Jen (16) , and that of the control (C) diet was similar to that of commercial pellets which usually contain 4-5% fat. As shown in Table 1 , the hypercaloric HF diet only differed from the normal-fat C diet by more palm oil at the expense of starch.
Care and maintenance of animals
Animal studies were carried out in agreement with the French legislation on animal experimentation and with the authorization of the French Ministry of Agriculture (Animal Health and Protection Directorate).
Twenty five 9-weeks old female and six male Wistar rats (from CER Janvier, Le
Genest-St-Isle, France) were housed in individual cages under controlled temperature (22±1°C), with a 12-12h light-dark cycle (light on: 8:00 am) and given commercial pellets for one week. Two groups of females were then formed according to the diet (control or high-fat).
After 6 weeks, females were caged in collective cages for mating and returned into individual cages after 9 days. Timing of delivery, litter size and weight were recorded at birth. Litters were adjusted to 10-11 pups for each dam while maintaining sex ratio as close to 1:1 as possible. The whole litter weight was checked weekly and the individual body weight of pups was registered at weaning, when aged 28-days. Eight groups of 12 pups were then formed and named according to the post-weaning diet (C or H as first letter for control or high-fat diet, respectively), maternal diet (C or H as 2 nd letter) and gender (m or f as 3 rd letter for male and female, respectively). Pups were allowed to free access to food and water. Body weights of adult females and their pups were measured twice a week. Food intake was monitored during the last 4 weeks before mating for all females, and during the mid 4 weeks of the postweaning period for pups. After 6 weeks on the C or HF diet, adult offspring (age: 10 weeks) were fasted overnight and received by intraperitoneal (IP) injection recombinant ovine leptin (1 mg/kg) or physiological saline. After 30 minutes, animals were sacrificed by decapitation after cervical elongation. Blood was collected on heparin (10 IU/mL), and tissues (hypothalamus and liver) were quickly removed. The hypothalamus was immediately frozen into liquid nitrogen and the liver was weighed.
Biochemical analyses
Chemicals were generally purchased from Sigma-Aldrich (France). Ovine leptin was produced in our laboratory as previously described (13) . 
Plasma parameters determination
Western blot analysis
Samples were prepared as previously described (4) . Briefly, frozen hypothalami were homogenized in lysis buffer (10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 0.5% nonidet-P40, 1% Triton X-100, protease inhibitor cocktail (0.35 mg/ml PMSF, 2 µg/ml leupeptin, 2 µg/ml aprotinin) and phosphatase inhibitor cocktail (10 mM sodium fluoride, 1 mM sodium orthovanadate, 20 mM sodium -glycerophosphate, 10 mM benzamidine). After lysis in ice for 90 min, insoluble materials were removed by centrifugation (15,000 rpm at 4°C for 45 min) and protein concentrations of the resulting lysates were determined using a protein assay kit (Pierce, Perbio Science, France). Proteins (50 µg) were subjected to SDS-PAGE and transferred onto nitrocellulose membranes. Blots were blocked with 5% non-fat milk and then incubated in the presence of appropriate primary antibodies (anti-phosphorylated STAT-3 or anti-total STAT-3 from Cell Signaling, Ozyme Saint Quentin en Yvelines, France) and secondary antibodies. Following nitrocellulose membrane washing, targeted proteins (about 92kDa) were revealed using enhanced chemiluminescence reagents (ECL, Amersham Life Science, France). The intensity of bands were quantified by using Scion Image Software and the p-STAT-3/t-STAT-3 ratios where calculated.
Statistical analysis
Statistical analysis was performed using analysis of variance (ANOVA, STATVIEW Software, version 5) to detect significant inter-group differences. Values were expressed as means ± SE, and P<0.05 was considered statistically significant.
Results
Impact of the high-fat diet on body weight and energy intake of adult female rats
Adult females fed normal-fat (C) or high-fat (HF) diet for 6 weeks showed similar body weights (BW) until day 17 (Fig 1) . From day 17 until mating period, BW became slightly but significantly higher (5%) in HF than in control animals, reaching 285 ± 4 g (n=13) and 272 ± 3 g (n=12), respectively (P<0.05). The cumulative food intake measured for this 6-weeks period was significantly smaller in HF (496 ± 12 g/animal) than in C females (746 ± 18 g/animal). When taking into account the caloric density of each diet (Table 1) , the daily energy intake was similar in the two groups with 67.5 ± 1.4 and 67.0 ± 1.1 kcal per rat for C and HF females, respectively.
Dams and pups until weaning
The BW gain of all dams until the end of the suckling period is shown on Figure 1 .
During gestation, those fed the HF diet maintained their overweight as compared to normally fed dams. Since delivery, HF dams lost relatively more weight than did C dams, mainly during the second half of the lactation period, and then the body weight became identical in the two groups at the end of the weaning period.
After delivery, the number of pups per litter was similar for dams (n=10) fed the highfat diet (11.4 ± 0.8, n= 123) and dams (n=7) fed low-fat diet (13.1 ± 0.7, n=92), with similar mean birth body weight (Fig 2) . After adjustment to 11 pups per litter, the mean body weight of suckling pups (aged 20 ± 1 days) was similar between the two groups (Fig 2) . When the 8 experimental groups of pups were formed at weaning (28-days old), the body weight was significantly (P<0.0001) lower in males and females born to HF dams as compared to those born to normally fed dams (Fig. 2) . Table 2 shows body weight gain, food and energy intakes measured for the mid 4 weeks (2 nd to 5 th week) of the post-weaning period, in the eight groups of male and female offspring (CCm, CCf, CHm, CHf, HCm, HCf, HHm, HHf) named according to the postweaning diet (1 st letter), maternal diet (2 nd letter) and gender (3 rd letter). In males, the daily energy intake was similar in the 4 groups, but the body weight gain was significantly higher in the HCm group than in the others. In females, the body weight gain was similar in the 4 groups as was the energy intake, except in the HCf group that presented the smallest energy intake.
Impact of the maternal diet on male and female offspring in the post-weaning period
Impact of the maternal diet on adult male and female offspring
Body weights and physiological parameters, measured in the eight groups of adult offspring after overnight food deprivation are reported in Table 3 . In males, only rats fed the H diet and born to control dams (HCm group) showed a higher body weight (+15% BW as compared to other groups) with increased liver weight as expressed in percentage of body weight. They were also hyperinsulinemic, hyperleptinemic and displayed an increased HOMA index value. In females, a more discrete overweight (+5% BW) was observed only in rats from the HCf group, but a liver enlargement was observed in all rats fed the HF diet irrespective of the maternal diet (HCf and HHf groups), as compared with those fed the normal-fat diet (CCf and CHf). However, HCf rats exhibited the highest plasma glucose levels without significant changes in insulinemia, leptinemia and HOMA index. Plasma triglyceride levels were similar in the four groups for each gender, and were lower in females than in males. In both genders, the highest plasma cholesterol level was observed in normally fed offspring born to control dams (CCm and CCf groups).
Leptin-dependent STAT-3 phosphorylation in the hypothalamus
To compare the hypothalamic leptin sensitivity among the eight groups, STAT-3 phosphorylation levels were measured on the hypothalamic extracts from starved animals sacrificed 30 minutes after leptin or saline IP bolus. In each group, STAT-3 phosphorylation levels were normalized to total STAT-3. The value 100 was attributed to the basal STAT-3 phosphorylation level (i.e the p-STAT-3/total STAT-3 ratio measured in saline-injected animals) and a significant elevation of this ratio in leptin-injected animals was taken as an index of the central responsiveness towards leptin.
In male and female adult offspring fed the C diet and born to normally fed dams (CCm and CCf groups), leptin significantly (p<0.005) increased STAT-3 phosphorylation by 63% and 122 %, respectively (Fig 3) . In offspring born to H dams, STAT-3 phosphorylation in response to leptin was completely abolished (Fig 3) .
In male and female offspring fed HF diet and born to control or HF dams, leptin was unable to induce the phosphorylation of STAT-3 except in HCf group, where leptin significantly (p<0.005) increased STAT-3 phosphorylation by about 100% (Fig 4) .
Discussion
In the present study, we show that adult females fed the high-fat diet adjusted their daily food intake to supply the same energy as that provided by the control diet. They however displayed before mating a significant slight overweight which lasted throughout gestation, but disappeared during the lactation period. In these conditions, neither the litter size nor the body weight of newborn rats was affected by the maternal diet, as previously reported in Wistar rats under analogous conditions (16) . In addition, we show that the body weight of suckling pups (20-days old) did not differ according to the maternal diet, but at weaning (28-days old) and for both genders, pups reared by HF dams showed a lower body weight than those reared by control dams. This could be related to the significant body weight loss of HF dams during the second half of lactation period, which might affect the energy supply of pups when kept in large litters. Indeed under similar dietary conditions, but with litters reduced at birth (n = 6), pups reared by HF dams presented at weaning a higher body weight than those reared by chow-fed dams, with early signs of predisposition to obesity later in life as an effect of early overnutrition (16) .
In agreement with data generally reported in Wistar rats, a sexual dimorphism was observed for body weight and various metabolic parameters such as plasma lipids, leptin and insulin levels (18, 47). Thus, the results were analyzed separately for males and females (Tables 2 and 3 ) and for each gender, data obtained in rats born to normally-fed dams and fed the C diet were taken as controls. When pups received the HF diet since weaning, only those born to C dams displayed a significant overweight after 6 weeks, and this was more noticeable in males than in females (17% and 5% of BW, in HCm and HCf rats, respectively).
In males, the overweight was associated with hyperleptinemia, hyperinsulinemia and high HOMA value. Moreover, the relative enlargement of their liver reflects an early sign of the adverse effects of diets rich in saturated fatty acids (12) . As could be expected, these animals exhibited also a hypothalamic leptin-resistance, while leptin sensitivity was maintained in females (HCf group). This difference is most likely associated to the hyperleptinemia observed in males but not in females, and could be related to the gender difference in hypothalamic development (3, 30) . Unexpectedly, HHm and HHf groups exhibited normal BW and metabolic parameters in adulthood, suggesting a long-term protection against the adverse effects of the HF diet as those observed in HCm and HCf groups. The difference between HH and HC groups could be attributed to the fact that HH rats were not submitted to diet transition. Interestingly at weaning, male and female pups of HF dams weighed less than those of control dams (Fig 2) and this difference lasted until the adulthood (Table 3 : HHm versus HCm, and HHf versus HCf). This finding emphasizes the importance of environmental transitions in development (14, 18) . Another example of a protective effect has been recently illustrated in Sprague-Dawley rats, as regards to the cardiovascular dysfunction induced by this diet (23) (24) (25) , since the endothelial dysfunction (but not hypertension) was prevented in offspring of dams fed a high-fat diet during pregnancy and suckling and raised on the same inappropriate diet. Such a maternal imprinting, only due to maternal high-fat feeding, then contrasts wirh the perinatally acquired disposition to obesity and diabetes mellitus due to fetal and/or early postnatal hyperinsulinism induced by maternal diabetes mellitus during pregnancy or intrauterine growth retardation (32).
A possible explanation for the different responses to the HF diet according to the maternal diet may be drawn from the comparison of the daily weight gains and energy intakes ( Table 2) . On one hand, male pups from the 4 groups ingested similar energy amounts from the C or HF diet, but those born to HF dams and fed the HF diet (HHm group) gained less weight than their counterparts born to control dams (HCm group). On the other hand, body weight gain was similar in the four groups of females, but those from the HHf group ingested relatively more energy than the HCf group. Therefore, the feed efficiency of the hypercaloric HF diet was much lower in both male and female offspring born to HF dams than in those born to control dams. These data suggest that maternal HF diet programmed an increased energy expenditure in pups when maintained on the same inappropriate diet until adulthood. It has been also shown that maternal high-fat feeding led to gender-related hypertension, cardiovascular and endothelial dysfunction and even mitochondrial abnormalities in normally fed offspring, but without significant changes in body weight (18, 24, 42) . In the present study, independently of the gender and the post-weaning diet (HH and CH groups), offspring of HF dams were characterized by normal corpulence and normal plasma leptin and insulin levels, and no massive adiposity, at least until 10 weeks of age, but they were characterized by a defect of hypothalamic leptin signaling. The absence of hyperphagia, associated to significant BW gain in these leptin-resistant animals, could be due to other compensatory signaling pathways involving insulin receptor that may overcome this resistance. In addition, in this study we focused on STAT-3 signaling pathway and it is well established that leptin may also signal through IRS/PI3-kinase pathways (4) . The defective central leptin signaling programmed by the maternal HF diet may be opposed to that acquired by male offspring of normally fed dams (HCm group) which became obese and insulin-resistant after HF feeding.
Indeed, the status of the imprinted animals may be compared to that of offspring born to undernourished dams which displayed a normal growth as long as they were fed a commercial diet, but exacerbated their body weight gain when switched to a high-fat diet in adulthood (17, 43, 46) . In this last model, an early leptin treatment of the programmed offspring prevented their predisposition to become obese under hypercaloric conditions. It is noteworthy that a leptin treatment of normally fed dams during late gestation and lactation reduced the susceptibility of their progeny to become obese and even increased energy expenditure in female offspring (41) , while the treatment just at the end of lactation made their adult offspring more susceptible to overweight (26). Taking into account the results of the present study, further investigations are needed to determine whether hypothalamic leptin resistance programmed by the maternal HF diet in adult offspring raised on normal diet (CHm and CHf groups) will reduce or increase their susceptibility to develop obesity when switched to the HF diet or a more obesogenic diet later in life. Indeed, a first overfeeding model has been described in Wistar rats to induce maternal obesity and gestational diabetes mellitus associated with high hyperleptinemia and hyperinsulinemia in dams and pups (21) .
In summary, this study in Wistar rats gives evidence of a metabolic imprinting of the progeny born to dams fed an inappropriate high-fat diet since 6 weeks before mating, which did not became overtly obese before gestation and even lost more body weight than control dams at the end of lactation. The long-term metabolic consequence of this maternal imprinting was an altered hypothalamic leptin signaling in male and female offspring which, however, looked as thin as controls in adulthood, even when weaned onto the HF diet. 1 . Evolution of the body weight gain of dams fed the control (C) diet (n =7) or the high-fat (HF) diet (n = 10) for 6 weeks before mating, throughout gestation and lactation (28 days) and until the post-weaning period (*P<0.05).
Figure 2.
Mean body weights of pups born to dams fed the control diet (C, n = 92) or the high-fat (HF, n =123) diet, measured at birth (day 1), during lactation (20-days old) and at weaning (28-days old) according to the gender (35 C males and 37 C females; 36 HF males and 37 HF females).
Figure 3.
Western blots of phosphorylated and total STAT3 (p-and t-STAT3) in hypothalamic protein extracts from offspring weaned onto the control (C) diet and born from dams fed either the control (C) or the high-fat (HF) diet. Each group was named according to the post-weaning diet (1 st letter), maternal diet (2 nd letter) and gender (m or f as 3 rd letter) and contained 12 rats injected either with saline (n=6, except in CCf group: n=5) or with leptin (n=6). In each group, the sensitivity towards leptin was assessed by a significant elevation of the mean p-STAT3/t-STAT3 ratio in leptin-injected compared to saline-injected rats.
Figure 4.
Western blots of phosphorylated and total STAT3 (p-and t-STAT3) in hypothalamic protein extracts from offspring weaned onto the high-fat (HF) diet and born from dams fed either the control (C) or the HF diet. Each group was named according to the post-weaning diet (1 st letter), maternal diet (2 nd letter) and gender (m or f as 3 rd letter) and contained 12 rats injected either with saline (n=6) or with leptin (n=6) 30 min before sacrifice. In each group, the sensitivity towards leptin was assessed by a significant elevation of mean p-STAT3/t-STAT3 ratio in leptin-injected compared to saline-injected rats.
